For the partial discharge test of electrical equipment with large capacitance, the use of lowfrequency voltage instead of power frequency voltage can effectively reduce the capacity requirements of test power supply. However, the validity of PD test under low frequency voltage needs to be evaluated. In order to investigate the influence of voltage frequency on corona discharge in the air, the discharge test of the tip-plate electrode under the frequency from 50 to 0.1 Hz is carried out based on the impulse current method. The results show that some of the main features of corona under low frequency do not change. The magnitude of discharge in a positive half cycle is obviously larger than that in a negative cycle. The magnitude of discharge and interval in positive cycle are random, while that in negative cycle are regular. With the decrease of frequency, the inception voltage increases. The variation trend of maximum and average magnitude and repetition rate of the discharge in positive and negative half cycle with the variation of voltage frequency and magnitude is demonstrated, with discussion and interpretation from the aspects of space charge transportation, effective discharge time and transition of discharge modes. There is an obvious difference in the phase resolved pattern of partial discharge and characteristic parameters of discharge patterns between power and low frequency. The experimental results can be the reference for mode identification of partial discharge under low frequency tests. The trend of the measured parameters with the variation of frequency provides more information about the insulation defect than traditional measurements under a single frequency (usually 50 Hz). Also it helps to understand the mechanism of corona discharge with an explanation of the characteristics under different frequencies.
Introduction
Partial discharge tests have been the key component of the power equipment factory test and preventive test defined by the IEC and national standards because of its effectiveness and predictability in insulation defect detection. For the power equipment with high capacitance, such as the power capacitor and cable, a large reactive charge current is needed for applying the defined voltage, which makes the volume and cost of test power supply increase. Especially for the field test, the transportation cost will rise sharply. Although the charge current can be ignored, DC voltage is not a satisfactory substitute because it changes the distribution of electric field and the alternative characteristic of voltage waveform. Also DC voltage leads to the accumulation of space charge in the equipment and may cause damage to the XLPE insulation during tests [1] . Without all these disadvantages above, the low frequency comes to the sight of engineers. The demand for the capacity of test power supply can be effectively reduced with the use of low frequency voltage instead of power frequency voltage. Taking the frequency 1 Hz as an example, the charge current is only 1/50 of that under power frequency.
Due to the large capacitance of the wingding to the HV machine frame or ground, Mr Bhimani from the General Electric Company proposed the use of low-frequency voltage for withstand voltage test in 1961. His research shows that the number of partial discharge per cycle under 50 and 0.1 Hz in the void in polyethylene insulation is in the same order of magnitude, however the difference becomes larger near the inception voltage [2] . Early research focuses on whether there is a significant difference in partial discharge characteristics between low and power frequency, mainly for the evaluation of effectiveness of withstand voltage test under low frequency [3, 4] . Recent research is concerned with the details of the difference of partial discharge [5] , among which the influence on the discharge in successive half cycle of the deposited charge created in previous cycle in the void in solid insulation is discussed [6] . Mr Nyamupangedengu from University of the Witwatersrand points out that the rise rate of voltage affects partial discharge in the void in solid insulation because of the existence of discharge formation delay [7] .
Research on the characteristics of partial discharge and its diagnostic methods under power frequency voltage have been relatively mature [8] [9] [10] , which under low frequency just start. Research on partial discharge under special voltage, such as the combined AC-DC voltage in convert transformers [11] , pulsed voltage in inverter-fed traction motor [12] and repetitive nanosecond pulses [13] , not only provides the methods for insulation defect diagnosis, but also promotes the comprehension of the mechanism of partial discharge.
Recently for the application in destruction of hazardous gases, electric dust precipitation, water purification and so on, the mechanism of corona discharge plasma has regained research interest [14] . In addition, corona discharge is a typical kind of insulation defect and interference in the test circuit. Also the mechanism of corona is the foundation of discharge of other kinds of insulation defect. In order to figure out the influence on corona discharge of voltage frequency, the discharge tests are carried out under the frequency from 50 to 0.1 Hz. The results can be the reference for mode recognition of partial discharge under low frequency tests.
Experimental setup and analysis method

Partial discharge test system
The test circuit is shown in figure 1 , with the voltage generator, experimental electrode and partial discharge measurement and analysis system. The output of arbitrary waveform generator AFG 3011C is amplified by the Trek model 50/12, with the final output voltage of maximum peak value 50 kV and frequency from 0.1 to 50 Hz. The coupling capacitor is to provide a low impedance route for the pulse current to pass through. To reduce the space interference coupled with the measurement impedance, the measurement impedance is connected in series with the test electrode rather than the coupling capacitor, which sends the partial discharge signal to the PD analyzer MPD 600 by the BNC cable. Another measurement impedance is connected in series with the coupling capacitance, acquiring the voltage signal for synchronization. A high voltage probe P6015A and a digital oscilloscope TDS 2024B is used to measure and monitor the applied voltage.
The test electrode consists of a tip with the radius of curvature of 90 μm and a round plate with the diameter of 75 mm. To avoid the breakdown of air gap during the test, the insulation paper with thickness of 1 mm is covered on the plate electrode. The distance from the tip to the insulation paper is 20 mm. Some actions are taken to suppress the unexpected corona discharge in test circuit, achieving the condition that the background noise is less than 5 pC when the applied voltage is 30 kV. The joints are designed to be smooth without any sharp end. All the conductor near the test circuit is moved away. The output wires are kept an enough distance from the ground. Before the experiments, the tip electrode is replaced by a spherical electrode and no discharge phenomenon is observed when 30 kV is applied which is higher than all the voltage involved in the experiments.
The rising speed of the applied voltage is 0.1 kV/step to ascertain the discharge inception voltage [15] . The PD data is acquired and analyzed when a constant voltage i.e. 6, 8, 10 and 12 kV is applied. The frequency selected is 50, 40, 30, 20, 10, 5, 1 and 0.1 Hz. Each test under every frequency and magnitude is repeated five times, with an interval of more than 10 min for space charge remained to dissipate.
Analysis method
From the aspects of the inception voltage, maximum and average magnitude of discharge and repetition rate, the influence of voltage frequency and magnitude on corona discharge is discussed and analyzed. These parameters are key indicators to determine whether the equipment has passed the partial discharge test. The phase resolved partial discharge (PRPD) and characteristic parameters of statistical patterns as shown in table 1 are given, which are important reference for the mode recognition of partial discharge [16] [17] [18] . The parameters and patterns above are also the basis for analyzing the similarity and difference of discharge process under different frequencies.
In table 1, each period of the voltage is divided into 360 phase windows and thus each phase window has 1°. The maximum magnitude and numbers of discharge in each phase window is counted to derive the discharge pattern q max -j and n-j. The average magnitude of discharge in each phase window is q mean =q max /n, based on which the discharge pattern q mean -j can be derived. The abscissa of the discharge pattern n-q is the magnitude of discharge, of which the axis scale is 1 pC.
S k + and S k -is the skewness of the distribution of discharge pattern in positive and negative half cycle relative to the normal distribution. S k >0 and S k <0 respectively represents that the distribution of discharge pattern is left or right to the normal distribution, which can be calculated according to equation (1)
In equation (1), x i is the discrete value of horizontal ordinate of discharge pattern. f (x i ) is the probability of x i . u is the mean value. σ is the standard deviation 
/
K u + and K u -is the kurtosis of the distribution of discharge pattern in positive and negative half cycle relative to the normal distribution. K u >0 and K u <0 respectively represents that the distribution of discharge pattern is sharper or smoother than the normal distribution, which can be calculated according to equation (3)
A sy is the asymmetry of distribution of discharge pattern in negative cycle to that in positive cycle. A sy >1 and A sy <1 respectively represents that the distribution of discharge pattern in negative cycle is higher or lower than that in positive cycle C C is the correlation, which demonstrates the similarity of the outline of discharge pattern in positive and negative cycle. The closer C C is to 1, the more similar the outline is. 
Discharge pattern Symbol Characteristic parameters
Phase distribution of average magnitude of discharge
Phase distribution of numbers of discharge
Relation between numbers and magnitude of discharge
The closer C C is to 0, the more different the outline is C y y y y n y y n y y n In the tip-plate electrode, the electric field intensity decreases from the tip to the plate electrode with a nonlinear trend. Most of the potential drop occurs near the tip electrode. At a point with sufficient electric field intensity in the gap, the ionization process of gas molecules occurs simultaneously with the adsorption process of electrons. The inception condition of corona discharge is shown as equation (6) [19] e 1 . 6
The ionization coefficient α can be derived from equation (7), in which A=πr 2 p 0 /KT 0 and δ=pT 0 /p 0 T [20] . r is the radius of the gas molecule. p and T is the pressure and temperature of the gas. p 0 and T 0 is the standard atmospheric pressure and temperature. U i is the ionization potential of the air. K is the Boltzmann constant. The coefficients can be estimated as A=11.
The attachment coefficient η can be derived from equation (8) , in which the constant A 1 , B 1 and C 1 can be obtained by fitting experimental data [21, 22] . The coefficients can be estimated as A 1 =9.9865, B 1 =−0.541×10
The electric field in the tip-plate electrode can be calculated approximately from the equation (9) . In the equation, a is the distance between the tip and plate, r is the radius of the tip and x is the distance from the tip [23] E x U a r x r x a
As shown in figure 3 , S 0 is the boundary line which satisfies the inception condition. When the tip electrode is positive, the electron avalanche starts from the boundary S 0 and develops towards the tip electrode, along a path with increasing electric filed intensity. Since the mobility of electrons is 2-3 orders of the magnitude of that of positive ions, electrons quickly reach the tip electrode and are neutralized there, leaving the positive ions behind. The positive ions left on the development path form a sheet of space charge, weakening the electric field in the gap and suppressing the discharge. When the positive ions are dispersed away by the negative electric field, the electric field is restored and the successive discharge restarts, which makes the discharge a pulse characteristic.
When the tip electrode is negative, the electron avalanche starts from the tip and develops towards the plate electrode. The electric field intensity along the development path decreases, which promotes the attachment activity of electrons to form negative ions. Thus the electric field near the tip is weakened and the discharge stops. When the negative ions are dispersed away by the negative field, the discharge restarts, demonstrating a pulse characteristic.
Since the mobility of positive ions is far smaller than that of electrons, the positive ions will be left and enhance the electric field near negative tip electrode and weaken that near positive tip electrode, resulting in a lower inception voltage under negative DC voltage than positive DC voltage and first inception in negative cycle rather than positive cycle under AC voltage. The residual positive ions created in the positive cycle will enhance the electric field in the successive negative cycle, which makes the AC inception voltage lower than DC inception voltage. With the decrease of frequency, more time is available for positive ions to be dissipated away, attenuating the enhancement of electric field in negative cycle. Thus the inception voltage increases. However the deviation ratio of each frequency to 50 Hz is relatively small, indicating the influence on discharge inception of space charge is relatively small. The reason is that the discharge process has not be completed and the quantity of space charge is limited. voltage is greater, indicating the transition of discharge mode, from burst corona to onset streamer [24] . The electron avalanche is mainly created near the positive tip electrode in the former mode, while the streamer develops towards into the gap in the latter mode. With the decrease of frequency, the maximum magnitude of discharge in negative half cycle q max -firstly decreases slightly and then increases. The increase trend is more obvious under higher voltage. With the increase of magnitude of voltage, q max -firstly increases and then decreases.
3.1.3. Average magnitude of discharge. The variation trend of the average magnitude of discharge with the variation of voltage frequency and magnitude is basically the same with that of maximum magnitude of discharge, as shown in figure 5 . With the decrease of frequency, the average magnitude of discharge in positive cycle q mean + decreases as a whole, which in negative cycle firstly decreases slightly and then increases obviously. Before discussion about these trends, the effective discharge time is analyzed with some simplification as follows.
When the applied voltage exceeds the theoretical inception voltage U cr , a discharge delay τ delay is needed before the discharge is completely generated as shown in figure 6 . For the applied voltage u(t)=U m sin(2πft), the initial discharge time is as follows 
τ 50 and τ 01 is the statistical time delay under 50 Hz and 0.1 Hz respectively, which obeys skewed normal distribution. Considering the voltage applied in our experiments, the first part of the right side of equation (12) is greater than the second part (τ 01 -τ 50 ), i.e. the effective discharge time in a half cycle under 0.1 Hz is greater than that under 50 Hz. With the decrease of frequency, the effective discharge time in a half cycle shows an increasing trend.
The increase of effective discharge time results in the increase of residual positive ions created in positive cycle, which aggravates the weakening of the electric field in the same cycle. On the other hand, as the frequency decreases, the residual negative ions created in negative cycle have more time to dissipate, which reduces the enhancement of the electric field in positive cycle. The two factors above suppress the discharge under low frequency so that q mean + decreases with the decrease of frequency.
For the same reason, the average magnitude of discharge in negative cycle q mean -decreases with the decrease of frequency. However, q mean -increases below 5 Hz which may be caused by the increase of residual positive ions in positive cycle and promotion of the enhancement of the electric field in negative cycle. As evidence, the repetition rate in positive cycle increases sharply below 5 Hz as shown in figure 6 . In addition, the stop discharge phase in positive cycle shifts to the right, which contributes to the promotion of enhancement of electric field in negative cycle by residual positive ions.
With the increase of the magnitude of voltage, q mean + increases while q mean -decreases. With the increase of magnitude of voltage, the ability of the electric field to remove the residual negative ions near the negative tip electrode is enhanced, decreasing the pulse dead time and increasing the pulse repetition rate. The voltage carries to increase, making the negative corona transform from Trichel pulse mode to pulseless discharge mode with a lower magnitude of discharge.
3.1.4. Pulse repetition rate 3.1.4.1. Influence of voltage frequency on pulse repetition rate. Two factors related with frequency will affect the repetition rate with opposite direction. The first factor is the effective discharge time in 1 s as shown in equation (13), which increases with the decrease of frequency. Thus more time is available for discharge and the pulse repetition rate increases. The second factor is the quantity of residual space charge with the same polarity of the tip electrode, which increases with the decrease of frequency. It aggravates the weakening effect on the electric field and thus the pulse repetition rate decreases Figure 7 (a) shows that the pulse repetition rate in positive cycle increases with the decreases of frequency. It indicates that the first factor plays a dominate role. In a positive cycle, the charge carriers moving towards the tip electrode are the electrons with high mobility, which may be less affected by the residual positive space charge.
When the voltage magnitude is 6 and 8 kV, the pulse repetition rate in negative cycle decreases with the decrease of frequency. It indicates that the second factor plays a dominate role. The charge carriers moving toward the tip electrode are positive ions with low mobility, which may be more affected by the residual negative space charge.
When the voltage magnitude is 10 and 12 kV, the pulse repetition rate in negative cycle increases with the decrease of frequency. The higher electric field enhances the dispersion of residual negative space charge and thus the first factor plays a dominate role. and thus the interval of pulse decreases. As shown in figure 7(a) , the pulse repetition rate in positive cycle increases with the increase of voltage magnitude.
For the negative cycle, with the increase of voltage magnitude the interval of pulse decreases and the pulse repetition increase when the discharge mode is Trichle pulse. As the voltage magnitude carries to increase, the discharge mode will transform into pulseless mode with continuous current [25] . Thus the repetition rate decreases. It is consistent with the experimental results that the repletion rate in negative cycle first increases and then decreases for the frequency above 1 Hz.
PRPD pattern
Some typical PRPD patterns are shown in figure 8 , in which the frequency selected is 50, 20, 5 and 1 Hz, the magnitude of voltage selected is 6, 8 and 10 kV. Some similarities remain from power to very low frequency, i.e. the magnitude of discharge in positive cycle is obviously greater than that in negative cycle, the pulse in positive cycle is random while that in negative cycle is regular. When the tip electrode is positive, the electron avalanche starts from the boundary line S 0 and the electrons move towards the tip electrode, which are the main charge carriers to form the pulse current in positive cycle. When the tip is negative, the electron avalanche starts from the tip. The positive ions left move towards the tip, which are the main charge carriers to form the pulse current in negative cycle. Since the mobility of the electrons is 2-3 orders of the magnitude of that of positive ions and the electrons in positive cycle are accelerated on a longer path, the discharge in positive cycle is more severe and hence irregular.
When the magnitude of the applied voltage is 6 kV, only the discharge pattern like a vertical bar exists in the rising part of positive cycle under 50 Hz. However, the discharge occurs in the descending part of positive cycle below 20 Hz, which is more obvious below 5 Hz. It indicates that with the increase of the time of half cycle, more time is available for the positive ions created in the rising part to be dissipated, which allows the electric field to restore in the descending part.
When the magnitude of voltage increases to 8 kV, the magnitude of the discharge in the rising part of positive cycle increases, which creates more positive ions to weaken the electric field and the discharge in the descending part under 20 Hz disappears. However, with the decrease of frequency, more time is available for dissipation and the discharge reoccurs around the peak of the positive cycle under 5 Hz. When the magnitude of voltage carries to increase to 10 kV, the ability of the electric field to remove positive ions is enhanced, hence the discharge even occurs in the peak of positive cycle with a mountain-like shape under 50 Hz.
From figure 8 it can be seen that with the decrease of frequency, the inception phase in positive cycle shift to the left and the discharge phase range broadens, which is in consistent with equations (10) and (11).
Characteristic parameters of statistical patterns
Since PRPD under 10 kV is relatively similar, the statistical patterns under this voltage magnitude is selected to calculate the characteristic parameters. As shown in figure 9(a) , the value of S k + (q mean -j) and S k + (q max -j) is similar and increases with the decrease of frequency. The increase of S k + (q mean -j) is from 0.0592 under 50 Hz to 0.2452 under 5 Hz, indicating that the left skewness of pattern q mean -j relative to the normal deviation becomes more obvious. S k -(q mean -j) and S k -(q max -j) is similar, less than zero under each frequency, decreases below 10 Hz, indicating the right skewness strengthens. S k + (n-j) decreases obviously, indicating the left skewness weakens. S k -(n-j) decreases, indicating the right skewness strengthens. K u (n-q) decreases obviously, indicating the left skewness weakens. The value of K u + (q mean -j) and K u + (q max -j) is similar and increases with the decrease of frequency. K u + (q mean -j)
increases from −1.1316 under 50 Hz to −0.5901 under 5 Hz. The discharge pattern under each frequency is more flat than the normal distribution and gets closer to it with the decrease of frequency. The value of K u -(q mean -j) and K u -(q max -j) is similar, around −1.5, decreases below 5 Hz, which becomes more flat than the normal distribution. K u + (n-j) decreases obviously, indicating a more flat distribution. The variation trend of K u -(n-j) with frequency is not obvious. K u (n-q) decreases obviously, indicating a decrease of sharpness. The value of A sy (q mean -j) and A sy (q max -j) is similar and does not show dependence on frequency. The value under each frequency is less than 0.1, indicating the average value of the discharge pattern of negative cycle is obviously smaller than that of the positive cycle. A sy (n-j) decreases obviously, showing the distance between the average value of the negative and positive cycle shortens. The C C of the patterns does not show apparent dependence on frequency and is all less than 0.4, showing that the correlation of the outline of discharge patterns of positive and negative cycle is small.
Conclusions
The characteristics of corona discharge in the air under the voltage with the frequency from 50 to 0.1 Hz and different magnitude are studied based on the impulse current method. The variation of the statistical parameters of discharge, PRPD and characteristic parameters of discharge patterns are discussed and analyzed. The main conclusions are as follows.
(1) Some fundamental characteristics of corona discharge remain unchanged from power to very low frequency. The magnitude of discharge in the positive half cycle is obviously greater than that in the negative cycle. The pulse in the positive cycle is random, while that in the negative cycle is regular. The discharge occurs around the peak value of voltage. These features can be inherited to be the reference for mode recognition of partial discharge under low frequency. (2) With the decrease of frequency, the inception voltage increases. The average magnitude of discharge in the positive cycle decreases as a whole, which decreases firstly and then increases obviously in the negative cycle. The repetition rate in the positive cycle increases as a whole, which in the negative cycle decreases under lower voltage, firstly decreasing slightly and then increasing obviously under higher voltage. These variation trends are due to the combination of the effect of space charge, effective discharge time and transition of the discharge mode. (3) With the increase of the magnitude of voltage, the average magnitude of discharge in the positive cycle increases, which in the negative cycle decreases. The repetition rate in the positive cycle increases, which in the negative cycle increases firstly and then decreases. (4) With the decrease of frequency, some obvious changes occur in the PRPD and characteristic parameters of discharge patterns, which should be paid attention to for mode recognition under low frequency. The features given in this paper can be the reference for the diagnosis of insulation defect under low frequency.
